Attorney Docket No.: N1280-00100 (TSMC2003-0841^ 

APPLICATION FOR UNITED STATES LETTERS PATENT 

for 

PROGRAMMABLE MOS DEVICE FORMED BY STRESSING 
POLYCRYSTALLINE SILICON 

Inventor: 
Chung-Hui Chen 

Assignee: 

Taiwan Semiconductor Manufacturing Company, Ltd. 

Prepared by: 

Duane Morris, LLP 
One Market, Spear Tower, Suite 2000 
San Francisco, CA 94105-1104 
Tel: (415)-371-2000 



Express Mail' Label No. ER 205013633 US 
44008_4.DOC 



Date Mailed: February 23, 2004 



Attorney Docket No.: N1280-00100 (TSMC2003-0841) 



PROGRAMMABLE MOS DEVICE FORMED BY STRESSING 
POLYCRYSTALLINE SILICON 

BACKGROUND OF THE DISCLOSURE 

[0001] The present invention relates generally to the field of semiconductor 
devices, and more particularly to memory devices. Still more particularly, the 
invention relates to methods for programming semiconductor memory devices by 
stressing polycrystalline silicon resistors. 

[0002] Polycrystalline silicon is used for various purposes in semiconductor 
devices. For example, it is commonly used as a conductive material such as gate 
electrodes in metal oxide semiconductor (MOS) transistors. It may be used as a 
diffusion source on a semiconductor body, or as a resistive material. The electric 
conductivity of polycrystalline silicon may be influenced by a variety of factors, 
including but not limiting to: the choice of dopant, dopant density, polycrystalline 
grain size, polycrystalline geometries, and stress time. 

[0003] Dopants are elements introduced to semiconductor to establish 
conductivity. Common N-type dopants in silicon include phosphorous (P), arsenic 
(As) and antimony (Sb). As an example, carbon is also a known dopant in 
polycrystalline silicon. When there is a low level of carbon, electric resistance and 
activation energy of the polycrystalline silicon decrease when carbon concentration 
increases. The decrease in resistance and activation energy is due to the presence of 
carbon atoms at the boundaries of silicon crystallites, which increases the mobility of 
charge carriers over the grain limits. When carbon concentration in polycrystalline 
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silicon is further increased, both the resistance and activation energy of the 
resistance increase. This is attributable to the presence of silicon carbide and/ or 
carbon beside the polycrystalline silicon. When carbon concentration is further 
increased, both resistance and activation energy of resistance decrease. The 
comparative low levels of resistance and activation energy are attributable to 
conductivity via carbon bridges. 

[0004] Typically, polycrystalline silicon resistors are formed in a dielectric layer 
overlying the silicon substrate. The initial conductivity of the polycrystalline silicon 
resistor is determined chiefly by both the concentration of and the homogeneity of 
distribution of the implanted dopants in the polycrystalline material. As an 
example, phosphorous (stable isotope: P-31) is used as dopant. The phosphorous- 
doped polycrystalline silicon can be prepared by implanting P-31 ions into an 
oxidized silicon substrate. Depending on the concentration of P-31 ions, and how 
they are distributed, the conductivity of the polycrystalline silicon resistor may vary 
significantly. For example, if there are not enough P-31 ions, conductivity will 
remain low across the polycrystalline silicon resistor. Even if there are enough P-31 
ions, but if they are not distributed uniformly over the geometry of the 
polycrystalline silicon resistor, conductivity will still remain low. 

[0005] Polycrystalline silicon is made up of grains or crystallites of silicon. The 
properties of these grains, including grain size, inter-grain distances and grain 
density, can materially affect the conductivity of the polycrystalline silicon resistor. 
The geometry of the polycrystalline silicon resistor also affects its conductivity. 
Generally, the geometry is chosen to avoid complications of edge effects inherent at 
minimum geometries and to provide stress characteristics dominated by the film 
properties alone. 
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[0006] When the polycrystalline silicon resistor is stressed, various factors can 
influence subsequent conductivity. First, defects in the grain boundary of the 
polycrystalline silicon resistor trap electrons, thereby reducing the average mobility 
of these electrons. As the stressing current increases, more electrons can have 
enough energy to escape the electron trap, thereby increasing conductivity. Second, 
stressing current generates heat energy, which raises temperature of the 
polycrystalline silicon resistor. The generated heat energy assists implanted ions to 
segregate from grain region into grain boundary, thereby filling the defects within 
the grain boundary and increasing conductivity. Finally, the increase in heat energy 
leads to lattice vibration and electron collision, both of which decrease conductivity. 

[0007] As stressing current increases, conductivity increases due to electrons 
escaping grain traps and ions segregating from grain region into grain boundary. 
As stressing current further increases, conductivity decreases due to the increases in 
lattice vibration and electron collision. However, the increase in conductivity due to 
escaping electrons and segregating ions overweighs the decrease in conductivity 
due to lattice vibration and electron collision. As stressing current further increases, 
grain boundary melting occurs, thereby further increasing conductivity. Although 
ion segregation can be reversed, i.e. dopant atoms diffuse from the grain boundaries 
back to the grain region, it can only be achieved through Joule heating. Therefore, 
without Joule heating, it is difficult to reverse ion segregation. As such, conductivity 
of the polycrystalline silicon resistor will be permanently increased. In other words, 
the resistivity of the polycrystalline silicon resistor will be permanently decreased. 

[0008] Through controlled ion segregation, it is therefore possible to precisely 
control the final resistor value. Compensation techniques, such as Joule heating or 
further current stressing can be used to fine-tune a resistor's resistivity. In other 
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words, the polycrystalline silicon resistor can be programmed by stressing it with a 
stressing current. Used in a memory circuit, the permanent change to the resistivity 
of the polycrystalline silicon resistor in effect "stores" a specific memory state. A 
plurality of polycrystalline silicon resistors allow one to act as the programmed state 
while the other as the reference state. A comparison of the two resistor values 
therefore yields valuable memory information. 

[0009] Desirable in the art of semiconductor memory design are additional 
methods and materials through which one-time programming of non-volatile data 
can be achieved. 

SUMMARY OF THE DISCLOSURE 

[0010] In view of the foregoing, this disclosure provides a programmable memory 
circuit and the method for programming the same. 

[0011] In one example, a polycrystalline silicon resistor pair are used in a 
programmable memory cell. The pair includes a first polycrystalline silicon resistor 
stressable by a predetermined current thereacross, and a second polycrystalline 
silicon resistor similarly structured as the first polycrystalline silicon resistor 
stressable by the predetermined current, wherein when only the first resistor is 
stressed by the predetermined current, a resistance of the first resistor is lowered as 
compared to the unstressed second resistor, thereby programming the memory cell. 

[0012] In one example, the circuit comprises a data read module having a first 
output and a second output based on a voltage difference between a first input and 
a second input, a first polycrystalline resistor having a first end connectable to a first 
control voltage level, and a second end connected to a second control voltage level, a 
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second polycrystalline resistor having a first end connectable to a first control 
voltage level, and a second end connected to a second control voltage level, and a 
connection module for connecting the first ends of the first and second resistors to 
the first and second inputs respectively. When the first and second control voltage 
levels are imposed, either the first or second resistor is programmed by causing a 
current stress across the resistor. The first and second outputs of the data read 
module produce voltage results representing the programmed value of the first or 
second resistor when the connection module is enabled. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] FIG. 1 illustrates the memory device in accordance with one example of the 
present disclosure. 

[0014] FIG. 2A illustrates a timing diagram showing the voltage at two nodes 
during a write operation in accordance with a first example of the present 
disclosure. 

[0015] FIG. 2B illustrates a timing diagram showing the voltage at various nodes 
during a read operation in accordance with the first example of the present 
disclosure. 

[0016] FIG. 3A illustrates a timing diagram showing the voltage at two nodes 
during a write operation in accordance with a second example of the present 
disclosure. 

[0017] FIG. 3B illustrates a timing diagram showing the voltage at various nodes 
during a read operation in accordance with the second example of the present 
disclosure. 
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DETAILED DESCRIPTION 

[0018] In the present disclosure, a memory device using a stressing current to 
program two polycrystalline resistors (poly-Rs) is disclosed. FIG. 1 shows a memory 
device 100 that can be programmed by causing a current stress across poly-Rs. The 
device includes a data read module 102 such as a latch, two programming trigger 
modules 104 and 106, a connection module 108, and two poly-Rs R0 and Rl, into 
which the memory datum is programmed. Prior to programming, R0 and Rl must 
be identical in resistance. 

[0019] The programming trigger modules 104 and 106 perform write operations, 
while the connection module 108 triggers a read operation. The programming 
trigger modules may include thick gate oxide P-type devices PM0 and PM1, 
respectively, while the connection module 108 may include two thick gate oxide N- 
type devices NM0 and NM1. However, it is understood by those skilled in the art 
that the programming trigger modules 104 and 106, and the connection module 108 
may include other circuit elements that provide similar gating functionalities. The 
data read module 102 may include four transistors, two P-type devices PM2 and 
PM3, and two N-type devices NM2 and NM3. However, it is also understood by 
those skilled in the art that the data read module 102 may include other circuit 
elements that provide a voltage comparison function. 

[0020] Thick gate devices are used in this memory device because a plurality of 
devices contained therein must withstand a voltage, which is typically higher than 
operating voltage, necessary to successfully cause current stress across R0 and Rl. 

[0021] The drains of PM0 and PM1 are connected to a high operating voltage 
VDDH, which is typically higher than a regular operating voltage, for the reason 



-7- 



Attorney Docket No,: N1280-00100 fTSMC2003-0841^ 

previously described. For example, VDDH is 3.3V and the threshold voltage to 
achieve hot carrier effect is 1.2V, while regular operating voltage is less than IV. The 
sources of PMO and PM1 are connected to RO and Rl, respectively, and further 
connected to the sources of NMO and NM1, respectively. For illustration purposes, 
control voltage levels/ references at the sources of PMO and PM1 are referred to as 
VO and VI, respectively. The two nodes VWO and VW1 represent the voltage levels 
at the gates of PMO and PM1, respectively, for programming the memory device. 

[0022] RO and Rl are connected to a control voltage level such as VSS which, 
depending on circuit setup, may or may not be directly connected to ground. The 
gates of NMO and NM1 are connected together, through a voltage reference VR. The 
drain of NMO connects to the gates of PM2 and NM2, while the drain of NM1 
connects to the gates of PM3 and NM3. The connection module 108, which includes 
NMO and NM1, passes VO and VI as two inputs to the data read module 102 when R 
is set at an appropriate level. The drains of PM2 and PM3 are connected to an 
operating voltage VDDL, while the sources of PM2 and PM3 are connected to the 
drains of NM2 and NM3, respectively. The sources of NM2 and NM3 are connected 
to VSS. The gates of PM2 and NM2 are connected to the source of PM3 and the 
drain of NM3, whereupon this connection has an output voltage potential OUT. The 
gates of PM3 and NM2 are connected to the source of PM2 and the drain of NM2, 
whereupon this connection has an output voltage potential OUTz. 

[0023] For illustration purposes, in a first example, the memory device will be 
programmed with a "0". FIG. 2A illustrates a timing diagram showing the voltage 
at various nodes in FIG. 1 during an operation to program the memory device with a 
"0". With reference to both FIGS. 1 and 2A, both VWO and VW1 are at VDDH upon 
power-up, while VR is close to VSS. When a write operation occurs, VWO is 
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temporarily switched to 0 from VDDH, thereby allowing PMO to conduct, while 
VW1 stays at VDDH. The switch at VWO is represented by a falling edge 202. V0 is 
then built up to VDDH, as represented by a rising edge 204. The large voltage 
difference between V0 and VSS results in a large current along R0, thereby stressing 
R0. When R0 is stressed enough to cause implanted ions to permanently segregate 
from grain region into grain boundary, thereby permanently decreasing the 
resistance of R0, R0 is considered "programmed". When VWO is switched back to 
VDDH, as represented by a rising edge 206, PMO ceases to conduct. Conversely, 
since VW1 remains at VDDH, PM1 does not conduct and Rl is never stressed. 

[0024] FIG. 2B illustrates a timing diagram showing the voltage at various nodes in 
FIG. 1 during a read operation. With reference to both FIGS. 1 and 2B, when a read 
operation occurs, VR rises, which is represented by a rising edge 208. It is noted that 
before a reading operation occurs, both voltage potentials at OUT and OUTz are still 
indeterminate, as represented by 210 and 212. When VR rises enough, NM0 and 
NM1 conduct, thereby sending V0 and VI to OUT and OUTz, respectively. Since R0 
is smaller than Rl, V0 is lower than VI. Subsequently, the voltage potential at OUT 
is lower than the voltage potential at OUTz. The latch 102 further forces OUTz to 
move to as high a voltage as VDDL, as represented by a rising edge 214, while OUT 
moves to VSS, as represented by a falling edge 216. The data of the memory device 
can be obtained by reading OUT, which essentially carries the "0" that is originally 
programmed into R0. Based on the function of the data read module 102 in this 
configuration, it can be viewed as a comparison circuit which compares V0 and VI, 
and produces an output on OUT node accordingly. 

[0025] When VR signal is turned off (i.e. switch to VSS), NM0 and NM1 no longer 
conduct, thereby disconnecting OUT from V0 and OUTz from VI. At this point, 
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however, the latch 102 will force OUT to move to VDDL if it is higher than OUTz. 
Conversely, the latch 102 will force OUT to move to VSS if it is lower than OUTz. In 
this example, since the voltage potential at OUT is lower than the voltage potential 
at OUTz just prior to when VR switches to VSS, OUTz either stays at or move to 
VDDL while OUT either stays at or move to VSS. 

[0026] Since the latch 102 will always move OUT away from OUTz after a read 
operation, OUTz is essentially a negation of OUT after a read operation. It is also 
noted that before a read operation, the states of OUT and OUTz are indeterminate. 
Since the latch 102 will also hold the information of the memory device at OUT after 
a read operation is completed, the latch 102 in effect is a memory cell that either 
holds a "1" or "0" at OUT. 

[0027] In a second example, the memory device will be programmed with a "1". 
FIG. 3A illustrates a timing diagram showing the voltage at various nodes in FIG. 1 
during an operation to program the memory device with a "1". With reference to 
both FIGS. 1 and 3 A, both VW0 and VW1 are at VDDH upon power-up, while VR is 
close to VSS. When a write operation occurs, VW1 is temporarily switched to 0 from 
VDDH, thereby allowing PM1 to conduct, while VW0 stays at VDDH. The switch at 
VW1 is represented by a falling edge 302. VI is then built up to VDDH, as 
represented by a rising edge 304. The large voltage difference between VI and VSS 
results in a large current along Rl, thereby stressing Rl. When Rl is stressed 
enough to cause implanted ions to permanently segregate from grain region into 
grain boundary, thereby permanently decreasing the resistance of Rl, Rl is 
considered "programmed". When VW1 is switched back to VDDH, as represented 
by a rising edge 306, PM1 ceases to conduct. Conversely, since VW0 remains at 
VDDH, PM0 does not conduct and R0 is never stressed. 
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[0028] FIG. 3B illustrates a timing diagram showing the voltage at various nodes in 
FIG. 1 during a read operation. With reference to both FIGS. 1 and 3B, when a read 
operation occurs, VR rises, which is represented by a rising edge 308. It is noted that 
before a reading operation occurs, both voltage potentials at OUT and OUTz are still 
indeterminate, as represented by 310 and 312. When VR rises enough, NMO and 
NM1 conduct, thereby sending V0 and VI to OUT and OUTz, respectively. Since Rl 
is smaller than R0, VI is lower than V0. Subsequently, the voltage potential at OUTz 
is lower than the voltage potential at OUT. The latch 102 further forces OUT to 
move to as high a voltage as VDDL, as represented by a rising edge 314, while OUTz 
moves to VSS, as represented by a falling edge 316. The data of the memory device 
can be obtained by reading OUT, which essentially carries the "1" that is originally 
programmed into Rl. 

[0029] When VR signal is turned off (i.e. switch to VSS), NMO and NM1 no longer 
conduct, thereby disconnecting OUT from V0 and OUTz from VI. Since the voltage 
potential at OUTz is lower than the voltage potential at OUT just prior to when VR 
switches to VSS, OUT either stays at or move to VDDL while OUTz either stays at or 
move to VSS. 

[0030] Since the latch 102 will always move OUT away from OUTz after a read 
operation, OUTz is essentially a negation of OUT after a read operation. It is also 
noted that before a read operation, the states of OUT and OUTz are indeterminate. 
Since the latch 102 will also hold the information of the memory device at OUT after 
a read operation is completed, the latch 102 in effect is a memory cell that either 
holds a "1" or"0" at OUT. 

[0031] The above disclosure provides many different embodiments, or examples, 
for implementing different features of the disclosure. Specific examples of 
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components, and processes are described to help clarify the disclosure. These are, of 
course, merely examples and are not intended to limit the disclosure from that 
described in the claims. 

[0032] Although illustrative embodiments of the disclosure have been shown and 
described, other modifications, changes, and substitutions are intended in the 
foregoing disclosure. Accordingly, it is appropriate that the appended claims be 
construed broadly and in a manner consistent with the scope of the disclosure, as set 
forth in the following claims. 
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